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Frozen, thawed and osmotically-dehydrated highbush (HB) (Vaccinium corymbosum)
and rabbiteye (RB) (V. virgatum) blueberries were analyzed under a scanning electron
microscope (SEM) to observe microstructural differences in their skin. Rabbiteye blueberries of
both frozen, thawed and osmotically-dehydrated treatments, had thicker skins than highbush
blueberries. Rabbiteye blueberries, collected from local farms, packed and blast frozen (PBF),
had thinner skins than individually quick-frozen (IQF) blueberries. Washing berries prior to
freezing had no effect on skin thickness. Sensory analysis of samples determined there were no
differences (p > 0.05) between PBF and IQF methods and species with respect to skin intactness,
grittiness, sweetness, and blueberry flavor. IQF berries obtained from one farm had tougher skin
(p ≤ 0.05) than other berries regardless of treatment. RB were rated lower in juiciness and higher
in grittiness than HB berries whereas LH berries were rated lower in shriveling and higher in
skin intactness.

DEDICATION
This thesis is dedicated to my parents, Edward and Vicki Garcia, my sister, Elise Garcia
Head, all the amazing friends I have made in my time at Mississippi State University, and to my
amazing wife, the light of my life, Nicole Erickson. Without their love and constant, unwavering
support, I would not be where I am today.

ii

ACKNOWLEDGEMENTS
I would like to acknowledge the contributions of several individuals toward the
completion of this thesis. Firstly, I would like to thank Dr. Juan L. Silva for his tremendous help
in completing this thesis. Without his guidance, understanding, and patience, I would never have
been able to accomplish this goal. I would also like to thank the faculty and staff of the
Department of Food Science, Nutrition, and Health Promotion. Both inside and outside of the
classroom, you have all made a lasting and positive impact on my life. Thank you for always
supporting me and helping me stay on the right path.
A great debt of gratitude is also owed to the rest of my committee, beginning with Dr.
Wes Schilling. Thank you for your constant willingness to guide and instruct me in all things
SAS, and thank you for always being “awesome”. Thank you to Dr. Frank Matta for providing
your expertise on blueberry microstructure and for your willingness to serve on my committee.
Thank you to Dr. Taejo Kim for your great guidance, instruction, and support. Thank you to Dr.
Donna Shaw from the USDA-ARS for your willingness to serve on my committee and provide
your knowledge and expertise on this project.
A special thank you is reserved for David Reese and Rhonda and Jeff Head, owners of
blueberry orchards in Starkville, MS. Without your generous contributions of blueberry samples,
this project would not have been possible.

iii

I would also like to thank Mr. Bill Monroe and Mrs. Amanda Lawrence from the
Mississippi State University Institute for Imaging & Analytical Technologies. I am forever in
your debt for all the knowledge and expertise you provided in helping me with this project.
Thank you to my dear friend, Dr. Courtney Crist, for advising me when the night seemed
darkest and for encouraging me to keep pushing through to the dawn.
Lastly, I would be remiss if I did not thank Information Technology Services at MSU,
Mr. Steve Parrott, Mr. Mike Hicks, Mrs. Teresa McMurray, and Dr. Ronald Gatewood, for
helping me to continue my education as a Graduate Service Assistant and full-time employee.
Thank you for giving me such a wonderful opportunity to further my education and to assist
others with advancing the academic mission of Mississippi State University.

iv

TABLE OF CONTENTS
DEDICATION ................................................................................................................................ ii
ACKNOWLEDGEMENTS ........................................................................................................... iii
LIST OF TABLES ........................................................................................................................ vii
LIST OF FIGURES ..................................................................................................................... viii
CHAPTER
I.

INTRODUCTION .............................................................................................................1

II.

LITERATURE REVIEW ..................................................................................................6
Blueberry Production & Health Benefits ..........................................................................6
Blueberry Varieties ............................................................................................................7
Effects of Freezing ............................................................................................................9
Effects of Osmotic Dehydration ......................................................................................10

III.

MATERIALS AND METHODS ....................................................................................12
Experiment I ....................................................................................................................12
Materials ....................................................................................................................12
Scanning Electron Microscopy..................................................................................12
Experiment II ...................................................................................................................13
Scanning Electron Microscopy..................................................................................14
Sensory Evaluation ....................................................................................................15
Experimental Design and Statistical Analysis .................................................................17
Experiment I ..............................................................................................................17
Scanning Electron Microscopy............................................................................17
Experiment II .............................................................................................................17
Scanning Electron Microscopy............................................................................17
Sensory Analysis .................................................................................................17

IV.

RESULTS AND DISCUSSION......................................................................................19
Experiment I ....................................................................................................................19
Experiment II ...................................................................................................................21
Scanning Electron Microscopy..................................................................................21
v

Sensory Evaluation ....................................................................................................23
Principal Component Analysis (PCA).......................................................................26
Tables .............................................................................................................................28
Figures .............................................................................................................................30
V.

SUMMARY AND CONCLUSIONS ..............................................................................36

REFERENCES ..............................................................................................................................39
APPENDIX
A.

SUPPLEMENTAL QUANTITATIVE DESCRIPTIVE ANALYSIS PANEL SCORE
SHEET AND ADDITIONAL SCANNING ELECTRON MICROGRAPHS USED
FOR MEASUREMENT OF EPIDERMAL AND SUB-EPIDERMAL THICKNESS
IN RABBITEYE AND HIGHBUSH BLUEBERRIES .................................................44

vi

LIST OF TABLES
Table 4.1

Treatments of blueberry samples described in Experiment 2. ...................................28

Table 4.2

Mean (epidermal thickness by harvest location, freeze method and pre-wash
treatment using Tukey’s HSD at 95% level of confidence. .......................................28

Table 4.3

Qualitative descriptive analysis panel scoring of attributes on a 10-point
scale** for blueberry samples after categorization into ten groups according
to treatment. ................................................................................................................29

Table 4.4

Orthogonal contrasts for sensory ratings between late harvest rabbiteye
(LHRE), early harvest rabbiteye (EHRE), and highbush blueberry (HB) types ........29

vii

LIST OF FIGURES
Figure 4.1 Mean epidermal thickness of highbush and rabbiteye blueberries measured
by scanning electron microscopy (SEM) (Experiment 1). .........................................30
Figure 4.2 Mean epidermal thickness of frozen, thawed (FT) and osmotically dried (OD)
highbush and rabbiteye blueberries measured by scanning electron
microscopy (SEM)......................................................................................................31
Figure 4.3 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of the control group of blueberries ...............32
Figure 4.4 Scanning electron micrographs of cross section of rabbiteye and highbush
blueberries for observation of microstructural properties from Experiment 1. ..........33
Figure 4.5 Scanning electron micrographs of cross section of rabbiteye blueberries for
observation of microstructural properties from Experiment 2. ..................................34
Figure 4.6 Principal components analysis biplot of sensory qualitative descriptive
analysis of frozen, thawed highbush and rabbiteye blueberries. ................................35
Figure A.1 Score sheet for quantitative descriptive analysis (QDA) panel to rate sensory
attributes of blueberries. .............................................................................................45
Figure A.2 Notice of IRB approval for study 16-010. ..................................................................47
Figure A.3 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of commercially produced highbush
blueberry, frozen, thawed. ..........................................................................................49
Figure A.4 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of commercially produced highbush
blueberry, frozen, thawed. ..........................................................................................50
Figure A.5 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of commercially produced highbush
blueberry, frozen, thawed. ..........................................................................................51
Figure A.6 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of commercially produced rabbiteye
blueberry, osmotically dried. ......................................................................................52
viii

Figure A.7 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of commercially produced rabbiteye
blueberry, osmotically dried. ......................................................................................53
Figure A.8 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); pre-boxed, blast frozen (PBF); washed (WA) ................................54
Figure A.9 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); pre-boxed, blast frozen (PBF); washed (WA) ................................55
Figure A.10 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); pre-boxed, blast frozen (PBF); unwashed (UW) ............................56
Figure A.11 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); pre-boxed, blast frozen (PBF); unwashed (UW) ............................57
Figure A.12 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); individually quick-frozen (IQF); unwashed (UW) .........................58
Figure A.13 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from Orchard Y
(RO); individually quick-frozen (IQF); unwashed (UW) ..........................................59
Figure A.14 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); individually quick-frozen (IQF); washed (WA) .............................60
Figure A.15 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from Orchard Y
(RO); individually quick-frozen (IQF); washed (WA) ..............................................61
Figure A.16 Scanning electron micrograph displaying cross section through epidermal
cell layer and sub-epidermal cell layer of rabbiteye blueberry from the
Orchard X (BP); individually quick-frozen (IQF); washed (WA) .............................62

ix

CHAPTER I
INTRODUCTION
Blueberries are thought to have been present at the first Thanksgiving celebrated in 1621
(U.S. Highbush Blueberry Council, 2012). According to legend, the Wampanoag Indians
provided their newly-arrived, English counterparts with dried blueberries to help them survive
their first harsh winter in the New World. Without blueberries to help nourish those early
settlers, our modern world might possibly have been an entirely different place. Blueberry crops
have remained a significant part of U.S. agricultural production, and in the last thirty years, the
total amount of blueberries produced by U.S. farmers and growers worldwide has increased from
76.3 million kilograms (207.7 million pounds) in 1981 to 303.5 million kilograms (669.1 million
pounds) in 2021 (USDA Economic Research Service, 2013; USDA National Agriculture
Statistics Service, 2022).
Blueberries are recognized as being rich in phytochemicals, which exhibit antioxidant
properties due to a high concentration of anthocyanins that are found in the skin of the fruit.
These findings have led to the unofficial labeling of the fruit as a “superfood”, which is a food
whose nutrients may impart health benefits (Fanse et al., 2012). Health claims associated with
blueberries include lower risk of cancer, lowering of LDL cholesterol, lowering risk of urinary
tract infections, and improved eyesight (Hashim, 2004). This knowledge has led directly to an
increase in demand for blueberries.
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Currently, the United States of America is the world’s largest producer of blueberries
(FAOSTAT, 2022). From 2000 to 2020, world production of blueberries increased by 302.9%
(FAOSTAT, 2022). The United States alone has increased production by 151.3% between 2010
and 2019 (USDA Foreign Agriculture Service, 2021). Mississippi, which currently ranked 9th
among blueberry-growing states in the U.S. in 2017, contributes roughly 1.2 % to U.S. blueberry
production (USDA Economic Research Service, 2016). This generated more than $5.75 million
in economic value for the state in 2017 (USDA National Agriculture Statistics Service, 2020). As
the demand for year-round availability of blueberries continues to rise in the United States and
the rest of the world, increased production of blueberries would benefit the economy of
Mississippi, a state with 19.4 % of its population under the poverty line, making it the poorest in
the nation (U.S. Census Bureau, 2022).
Blueberries are members of the genus Vaccinium which includes cranberries,
huckleberries, bilberries, and lingonberries. Several different species of blueberries grow in the
United States. Two of these make up the majority of fresh and processed berries that are
consumed in the country and around the world. These species are highbush blueberries
(Vaccinium corymbosum), grown primarily in Northern and Western states, and rabbiteye
blueberries (Vaccinium virgatum), generally grown in the Southern United States. Northern
highbush blueberries generally prefer cooler climates and flourish in states such as Michigan,
New Jersey, Oregon, and Washington. Some hybrid varieties of highbush blueberries, called
Southern highbush, have been crossbred with species of wild blueberries (Vaccinium darrowii)
that grow in the Southern states in order to facilitate growth in warmer climates like that of
Georgia, Florida, and North Carolina. Rabbiteye blueberries are unique to the Southeastern
United States and flourish in Alabama, Florida, Georgia, Louisiana, and Mississippi.
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Between the two species, highbush blueberries are commercially grown for fresh market
production because of their large fruit, mild taste, and debatably preferable texture. In contrast,
rabbiteye blueberry plants generally produce a smaller fruit with a thicker skin that has been
described by some studies as having a “seedier” texture. These qualities make this variety more
suitable for processing.
Highbush blueberries are commonly picked by hand because of their delicate skins that
can rupture, crack or bruise if mishandled. Rabbiteye blueberries, however, because of their
tougher skins, are harvested using automated harvesters (Sargent et al., 2013). Mechanical
pickers exert stress on the berries as they shake the fruit loose from the bush. Mainland et al.
(1975) observed that mechanically harvested highbush blueberries of the “Wolcott”, “Jersey”,
“Morrow” and “Murphy” cultivars were subject to bruising and softening of 10% to 38% in
comparison to traditional hand picking. Increased mechanization reduces labor costs and helps
minimize the effect of labor shortages like those that affected Georgia blueberry growers in
2011, costing nearly $29 million in direct crop loss (Carter, 2011). As the increased
mechanization of blueberry harvesting appears inevitable due to improving technology and labor
shortages, it is increasingly important for blueberry farmers to select cultivars that can withstand
the physical rigors of mechanical harvesting (Williamson and Cline, 2013).
Previous consumer acceptance studies have shown that frozen highbush blueberries are
more acceptable when thawed than their rabbiteye counterparts, citing higher “seediness”
(Makus and Morris, 1993). However, when assessing only freshly-picked (unfrozen) blueberries,
consumer panels, both trained and untrained, were unable to detect major differences in the two
species (Silva et al., 2005). It has yet to be determined how different freezing methods affect the
acceptability of rabbiteye blueberries in comparison to highbush blueberries.
3

Previous research has been conducted to compare sensory characteristics and general
consumer acceptability between frozen, thawed highbush blueberries and rabbiteye blueberries.
As noted by Silva et al. (2005), rabbiteye blueberries have been shown to have thicker, tougher
skins and a more “seedy” texture. Because of these sensory characteristics, frozen highbush
blueberries were previously preferred by consumers (Makus and Morris, 1993). However, no
studies have been conducted that compare individual quick freezing (IQF) method to a preboxed, blast frozen method (PBF) on the quality of blueberries.
Another method for preserving blueberries is dehydration. Osmotic dehydration (OD) is
done to dehydrate blueberries. This process first involves soaking/dipping the blueberries in a
sucrose solution, and then drying the berries via air drying, infrared (IR) drying or another
thermal process. The soaking process causes an osmotic reaction with water flowing out of the
cells of the berries and sucrose simultaneously flowing into the cells (Torreggiani, 1993). This
initial reduction of water content decreases drying time and the temperature necessary to achieve
a dehydrated product (Shi et al., 2008). The OD process extends the shelf life of blueberries by
removing moisture content and thus lowering the water activity (aw) of the berries. Molds, such
as Aspergillus, require a minimum aw of 0.75 for growth, and pathogenic microorganisms, such
as Staphylococcus aureus (0.85 aw), Salmonella (0.93 aw) and Clostridium botulinum (0.93 aw)
require much higher water activities for growth (Gould & Gould, 2001). The OD process also
improves the visual, textural, and flavor attributes of blueberries in comparison to non-OD dried
blueberries (Shi et al., 2008).
This study supplements previous studies by providing sensory data, comparing prepackaged, blast frozen rabbiteye blueberries to commercially-frozen highbush blueberries, which
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will potentially lead to additional studies to determine how freezing and other processing
methods affect the sensory qualities of both species.
The objectives of this study were: 1. to determine whether there were any microstructural
and/or cellular differences between rabbiteye and highbush blueberries, frozen, thawed and
osmotically dehydrated, and 2. to determine any microstructural, cellular, and sensory
differences between individually quick frozen (IQF), pre-boxed, blast frozen (PBF) rabbiteye
and commercially frozen highbush blueberries.
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CHAPTER II
LITERATURE REVIEW
Blueberry Production & Health Benefits
Blueberries are one of the most highly produced and commercialized fruit crops native to
North America. According to the USDA’s National Agricultural Statistics Service (NASS),
blueberries were ranked the 4th most valuable US fruit crop in 2021 surpassed only by grapes,
strawberries, and apples, respectively (USDA, 2022). Blueberry production in the United States
has increased dramatically in the first decade of the 2000s and has continued to increase over the
past few years, growing from 246.6 million kilograms (543.6 million pounds) in 2013 to 303.5
million kilograms (669.1 million pounds) in 2021 (USDA, 2013 and USDA, 2022). This is
partially due to perceived health benefits of consuming fresh and processed blueberries.
Blueberries are one of the richest sources of antioxidant phytonutrients of all fresh fruits and
vegetables (Prior et al., 1998). Several recent studies have touted the health benefits of rabbiteye
blueberries, including a study involving laboratory rats which showed that a supplementation of
1% blueberry flavonoids, consisting mostly of anthocyanins, reduced DNA damage in the liver
cells of healthy rats (Dulebohn et al., 2008). In another study of chronic cigarette smokers, a
daily consumption of blueberries (250 g) for three weeks was shown to significantly lower lipid
hydroperoxides in humans, an indicator of oxidative stress (McAnulty et al., 2005). However,
when blueberries are pureed their “phenolics and antioxidant capacity [is] markedly affected by
both the extraction time and temperature” (Kalt et al., 2000).
6

Blueberry Varieties
Two species of blueberries make up the majority of fresh and processed blueberries
consumed in the country and around the world. These species are highbush blueberries
(Vaccinium corymbosum), grown primarily in Northern and Western states, and rabbiteye
blueberries (Vaccinium virgatum), generally grown in the Southern United States.
Morphologically, the rabbiteye blueberry tends to be smaller than the highbush blueberry.
Northern highbush blueberries generally prefer cooler climates. They flourish in states such as
Michigan, New Jersey, Oregon, and Washington. Some varieties of highbush blueberries, called
Southern highbush, have been crossbred with wild blueberries (Vaccinium darrowii) found in the
Southern states. Crossbreeding was carried out in order to facilitate growth in warmer climates
like that of Georgia, Florida, and North Carolina. Rabbiteye blueberries are unique to the
Southeastern United States and flourish in Alabama, Florida, Georgia, Louisiana, and
Mississippi. Between the two species, highbush blueberries are more commercially grown for
fresh market production because of their large fruit, mild taste, and preferable texture. In
contrast, rabbiteye blueberry plants generally produce a smaller fruit with a thicker skin and have
been described as having a significantly more “seedy” texture that is generally accepted as being
more suitable for the processed market in products such as jellies, pie fillings, and juice
concentrates. Highbush blueberries are commonly picked by hand because of their delicate skins
that can rupture or bruise if mishandled. Rabbiteye blueberries however, because of their tougher
skins, are often harvested mechanically (Sargent et al., 2013).
Previous studies have been conducted to examine the physicochemical and
microstructural differences between highbush and rabbiteye blueberries. In a study by Silva et al.
(2005), mechanical analysis (puncture, compression and shear tests) indicated that more force
7

was required to penetrate the skins of frozen rabbiteye blueberries as compared to their highbush
counterparts. In that study, it was suggested that differences in the physiological makeup of
rabbiteye blueberries (containing higher amounts of pectin and lignin than their highbush
counterparts), resulted in the frozen, thawed berries being perceived as tougher. Sensory tests
conducted by a trained panel on fresh rabbiteye and highbush blueberries, however, found no
significant differences between species in regard to skin toughness, flavor, or color.
Dekazos (1977) reported that the perceived toughness of thawed frozen rabbiteye
blueberries is dependent on the rate of freezing as well as storage temperature and time. Puncture
tests that were conducted on thawed frozen berries indicated that less force was required to
penetrate the skins of berries frozen at –34.4 °C (–30 °F) compared to those frozen at –23.3 °C (–
10 °F) and –17.8 °C (0 °F). The development of sclereids, sclerenchyma cells (also called “stone
cells”) with thick, highly-lignified cell walls which cause a generally unfavorable “woody” or
“gritty” texture in fruit, was also noted more frequently in fruit frozen at – 10 °F and 0 °F, further
exhibiting the benefits of increased freezing rate on the sensory qualities of the fruit. The
mechanism controlling the development of sclereids in blueberry fruit was unknown, but
differentiation of sclereids from parenchyma cells could be induced in Monstera deliciosa
(commonly known as the fruit salad plant) by damaging both leaves and aerial roots. A recent
study from Ishikawa et al. (2005) involving dwarf bamboo (Sasa senanensis) noted a similar
effect with freezing. In this study, factors contributing to the cold hardiness (supercooling
capability) of dwarf bamboo leaf blades were observed. The plants were treated at sub-freezing
temperatures (–5 °C and – 20 °C) for extended periods of time, and it was noted that the leaves
containing a greater amount of sclerenchyma cells prevented freezing from spreading into
neighboring tissues at a greater rate than leaves that contained less sclerenchyma. This finding
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supported their hypothesis that sclerenchyma development is important for maintaining the
supercooling of tissue units and the prevention of further damage due to freezing.
Effects of Freezing
Because fruits and vegetables consist mainly of water, the freezing process has a
considerable effect on the structural properties of these foods. Blueberries in particular are made
of approximately 85% water (Sousa et al., 2007). The large concentration of water combined
with the rigidity of the plant cell structure causes fruits and vegetables to more readily display
damage compared to other foods, such as meats, even at similar freezing rates and temperatures
(Fellows, 2009). This is due to ice crystal formation. In foods with high water content, slow
freezing rates cause large ice crystals to form in intracellular spaces which causes damage to the
structures of the surrounding cells. Conversely, rapid freezing rates cause smaller, more
numerous crystals to be formed inside and outside of the cells. Because the water vapor pressure
of large ice crystals is much lower than the pressure inside the cells, water will migrate to the
lower pressure area outside the cells of slow-frozen foods causing them to become dehydrated
and shrink significantly. When these foods thaw, the contents of these damaged cells, termed
“drip loss”, leak out creating a substrate that can subject the food to further enzymatic and
microbial degradation and spoilage (Fellows, 2009).
Freezing and thawing methods of strawberries indicated that samples which had been
exposed to shorter freezing times (freezing rate of higher than 1.5 °C/minute) retained cell
structural integrity much better than slower freezing rates (Delgado & Rubiolo, 2005). The study
also indicated that the degradation of the cell membranes due to freezing could not be improved
by altering the thawing method that was used (high temperature at 22 °C or moderate
temperature at 6 °C).
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A study conducted on wild blueberries (Vaccinium angustifolium) in Canada also
indicated that rapidly frozen berries (frozen via liquid nitrogen injected into the recirculating air
stream of a freezer for 90 s) exhibited the least amount of anthocyanin leakage (bleeding) (AllanWojtas et al., 1999). Intermediate rate freezing (individually quick frozen via -35 °C air at
constant air velocity for 120 s) resulted in the least berry damage and drip loss, but did, however,
result in the most anthocyanin leakage. This was theorized to be caused by mechanical damage
during the individual quick-freezing process as the berries became chipped and cracked from
contact with the cold air stream, other berries, and the freezing equipment itself (Allan-Wojtas et
al., 1999). Slowly frozen berries experienced the most drip loss and berry damage.
Effects of Osmotic Dehydration
Dehydration is another effective method of preserving foods. This process “involves the
simultaneous application of heat and removal of moisture from foods” and is applied to extend
shelf life by lowering water activity to prevent microbial growth and enzymatic spoilage
(Fellows, 2009). As food processors look to conserve on energy costs associated with hightemperature drying processes, osmotic dehydration is an effective addition to conventional airdrying that reduces drying time and adds value to dehydrated food products. Osmotic
dehydration (OD) involves soaking a food product in a solution which causes water inside the
living cells to flow out through the cell membrane in order to create an equilibrium with the
surrounding hypertonic solution. The membrane also simultaneously allows solute molecules to
enter the cells and intercellular spaces, changing the sensory and nutritional qualities of the
product (Falade and Igbeka, 2007). The choice of solute varies by the type of food being
processed with vegetables typically osmotically-dried with salt (NaCl) or brining solutions and
fruits typically dried with low molar mass saccharides, such as glucose, fructose, and sucrose
10

among others (Torreggiani, 1993). In fresh fruit, osmotic dehydration has been shown to reduce
water activity to 0.92-0.97 (Falade and Igbeka, 2007). However, this is not sufficient to prevent
microbial growth (Lewicki and Lenart, 1995). OD techniques are paired with additional thermal
processing techniques, such as air drying, convection drying, freeze drying, infrared drying, or
microwave drying to achieve a aw of 0.7 or below as most microorganisms cannot grow below
this water activity (Gould and Gould, 2001). The temperature at which the solution is held, the
concentration of the solution, the presence of mechanical agitation, and the amount of time in
which the food is soaked all influence the rate of OD (Torreggiani, 1993). Concentration for OD
solutions are often high, ranging from 40 – 70 °Brix (B), as higher concentrations increase the
rate of osmosis when temperature is held constant (Lewick and Lenart, 1995). Yadav and Singh
(2012) noted that a processing temperature of 40 ℃ and 40 °B as the optimal temperature and
concentration for OD. Studies have been conducted to test the effectiveness of concentrations as
low as 10 °B (Rincon & Kerr, 2010).
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CHAPTER III
MATERIALS AND METHODS
Experiment I
Materials
Rabbiteye (RE) and highbush (HB) blueberries were obtained from the USDA-ARS
Southern Horticultural Research Laboratory (Poplarville, MS). Approximately 20 berries of each
species were chosen. Frozen, thawed samples were placed in air-tight Ziploc® (Ziploc, S. C.
Johnson & Son, Inc, Racine, WI, U.S.A) freezer bags and frozen at 255.15 K (-18 °C) (FT).
Osmotically dried (OD) samples were soaked in a 10% sucrose solution, refrigerated for 24 h
and then placed in a forced-air oven (Fisher Scientific™ Isotemp™ 300 Series Model 318F,
Hampton, NH, U.S.A.) at 343.15 K (70 °C) for 10 h (OD). Dehydrated samples were then placed
in air-tight, Freezer Ziploc® bags and kept in a desiccator until further analysis.
Scanning Electron Microscopy
Whole (fresh), FT and OD blueberries of highbush and rabbiteye cultivars were
punctured with a needle and fixed overnight in Karnovsky’s fixative (2.5% glutaraldehyde, 2%
paraformaldehyde) in 0.1 M sodium cacodylate buffer, pH 7.2, and refrigerated at 277.15K (4
°C). After primary fixation, samples were postfixed in 2% osmium tetroxide (OsO4) 0.1 M
phosphate buffer for 2 h. Specimens were then dehydrated in a graded ethanol series ranging
from 35%-100% ethanol. After dehydration, the specimens were cryofractured using liquid
nitrogen to expose natural planes. The specimens were then critical point dried in carbon dioxide
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at 304.15 K (31 °C) and 7.6 MPa (1100 psig) using a Polaron E3000 critical-point dryer
(Quorum Technologies Ltd, Lewes, U.K.), and sputter-coated with a gold-palladium alloy using
a Polaron E5100 sputter-coater (Quorum Technologies Ltd, Lewes, U.K.). Specimens were
viewed and photographed under a Zeiss EVO® 50VP Variable Pressure Scanning Electron
Microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY, U.S.A.) at an accelerating voltage
of 15kV. The critical-point dryer, sputter-coater and scanning electron microscope were all
located at the Institute for Imaging & Analytical Technologies at Mississippi State University.
Measurements of the epidermal and sub-epidermal skin layers of all samples were taken using
Zeiss proprietary imaging software (Monroe, 2012; Lawrence, 2017). Visual observations and
measurements of cellular damage and degradation were also made of the epidermal, subepidermal and parenchymal cell layers to determine differences.
Experiment II
Approximately 2.72 kg (1 gallon) of rabbiteye blueberries were obtained from two local
blueberry farms in the Starkville, Mississippi area. Half of the berries were washed (WA) with
approximately 0.8 L of distilled water prior to bagging to simulate the spray washing procedure
used in the frozen blueberry packing process. The other half were not washed prior to freezing
(UW). This was repeated twice (two replications). Berries from each replication and treatment
were placed into 0.946 L (1-quart) Ziploc® (Ziploc, S. C. Johnson & Son, Inc, Racine, WI,
U.S.A) freezer bags, each containing approximately 0.2 kg and two 3.785 L (1-gallon) Ziploc®
(Ziploc, S. C. Johnson & Son, Inc, Racine, WI, U.S.A) freezer bags containing approximately
0.4 kg. Bags were labeled according to production source (harvest location) and wash treatment.
Half of the bagged blueberries were frozen by individual quick freezing (IQF) and the
other half by pre-boxed, blast frozen (PBF) method. For the IQF treatment, berries were
13

dispersed in their bags to create a single-layer “sheet” to allow each berry to freeze individually.
These samples were placed in a deep freezer (Fisher Scientific™ Isotemp™ -86 °C Ultra-Low
Temperature Chest Freezer, Hampton, NH, U.S.A.) at 193.15 K (-80 °C) for 12 h and then stored
in a walk-in freezer at 255.15 K (-18 °C) (Thermo-Kool, Mid-South Industries, Inc., Laurel, MS,
U.S.A.). A variation of this method was previously used for IQF raspberries and blackberries
(Hager et al., 2008; Hager et al., 2008). The second set of rabbiteye blueberries, placed in Ziploc
polyethylene bags, were placed in a cardboard box and placed in a walk-in freezer at 255.15 K (18 °C) (Thermo-Kool, Mid-South Industries, Inc., Laurel, MS, U.S.A.) for 24 h to simulate preboxed, blast frozen (PBF) procedures. Samples were stored frozen at 255.15 K (-18 °C) for
approximately two months.
Scanning Electron Microscopy
Washed individually quick frozen (WIQF), unwashed UIQF, washed pre-boxed (WPB),
blast frozen (WPBF), and unwashed UPBF frozen rabbiteye blueberries were fixed overnight in
in Karnovsky’s fixative (2.5% glutaraldehyde, 2% paraformaldehyde) in 0.1 M sodium
cacodylate buffer, pH 7.2, and refrigerated at 277.15 K (4 °C). After primary fixation, samples
were postfixed in 2% osmium tetroxide (OsO4) in 0.1 M phosphate buffer for 2 h. Specimens
were then dehydrated in a graded ethanol series ranging from 35%-100% ethanol. After
dehydration, the specimens were cryofractured using liquid nitrogen to expose natural planes.
The specimens were then critical point dried in carbon dioxide at 304.15K (31 °C) and 1100 psi
using a Polaron E3000 critical-point dryer (Quorum Technologies Ltd, Lewes, U.K.) and sputtercoated with gold-palladium alloy using a Polaron E5100 sputter-coater (Quorum Technologies
Ltd, Lewes, U.K.). Specimens were viewed and photographed under a Zeiss EVO® 50VP
Variable Pressure Scanning Electron Microscope (Carl Zeiss Microscopy, LLC, Thornwood,
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NY, U.S.A.) at an accelerating voltage of 15kV. The critical-point dryer, sputter-coater and
scanning electron microscope were all located at the Institute for Imaging & Analytical
Technologies at Mississippi State University. Measurements of the epidermal and sub-epidermal
skin layers of all samples were taken using the Zeiss proprietary imaging software (Monroe,
2012; Lawrence, 2017). Visual observations and measurements of cellular damage and
degradation were also made of the epidermal, sub-epidermal and parenchymal cell layers to
determine differences.
Sensory Evaluation
This study was approved by the Mississippi State University Institutional Review Board
(IRB 16-010) prior to the start of the project. Quantitative descriptive analysis (QDA) was
performed on eight rabbiteye blueberry groups, with two groups (5 and 6), consisting of
commercially available, IQF highbush blueberries (Wal-Mart Stores, Inc., Great Value,
Bentonville, Arkansas, U.S.A.), which were used as a control. Participants were selected from
students and staff in the Food Science, Nutrition, and Health Promotion Department at
Mississippi State University. The panelists were trained by explaining each of the attributes to be
tested and presenting a food sample to adequately illustrate each attribute. Panelists were trained
twice, one hour for each session, before each panel. The blueberries were placed into 10 groups
based on species, freezing method, location collected, and washed or unwashed treatment
immediately prior to bagging and freezing (Table 4.1). All 10 groups were used for the trained
attribute panel (n=9). Each panel member received a sample from each group (treatment) labeled
with a randomized 3-digit number. Panelists were also given water, unsalted crackers, and
expectoration cups. Panelists were instructed to rate the blueberries on unstructured line scales,
placing a line where they thought the attribute being tested was best quantified. The scores were
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then related on a 10-point scale (Figure 7) (Saftner et al., 2008). Two replications were
conducted.
Sensory assessments were conducted on two separate days, one week apart, to avoid
sensory fatigue due to tasting a large number of samples. Attributes obtained from Saftner et al.
(2008) used in this analysis are described below:
Color was determined by the degree of dark purple hue (light to dark). Unripe
blueberries, green and red in color, were used as the light reference. Mature blueberries, blue and
deep purple in color, were used as references for dark. Shriveling (fully round to shriveled) was
determined by the amount of change the berries had undergone from being fully round. Berries
that had been dehydrated were used as the reference. Skin intactness (not intact to fully intact)
was determined by the total surface area of blueberry skin still intact or unbroken. Blueberries
that were completely intact and partially burst open were used as references. Skin toughness
(tender to tough) was measure as the perceived amount of force needed to bite through the
blueberry skin. Red grapes purchased at a local supermarket were used as a reference. Grittiness
(smooth to gritty) was determined as the amount of grit or “sandy” mouthfeel perceived in the
texture of the fruit. Canned pears without skins were used as a reference. Chewiness (not chewy
to very chewy) was determined by the time required for mastication. Grapes were used as a
reference. Juiciness (not juicy to very juicy) was the amount of juice or moisture perceived when
eating. Oranges were used as a reference. Sweetness (not sweet to very sweet) was the amount of
sweetness perceived. White grape juice was used as a reference. Tartness (not sour to very sour)
was the amount of sourness perceived. Lemons were used as a reference. Blueberry flavor (no
blueberry flavor to intense blueberry flavor) was measured by the intensity of blueberry flavor
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sensed by the consumer; blueberry cider (MAFES, Mississippi State University, Mississippi
State) was used as a reference.
Experimental Design and Statistical Analysis
Experiment I
Scanning Electron Microscopy
Data collected from scanning electron microscopy was arranged in a 2x2 factorial
(blueberry species x processing treatment) arrangement within a randomized complete block
(RCB) design with two replications (berries) to determine differences in epidermal and
subepidermal thickness between species and treatment (Microsoft Office, 2016, Redmond,
Washington, U.S.A.).
Experiment II
Scanning Electron Microscopy
Data collected from scanning electron microscopy was arranged in a 2x2 (pre-freezing
wash treatment x freezing method) factorial arrangement within a RCB design with four
replications to determine differences between treatments (Microsoft Office, 2016, Redmond,
Washington, U.S.A.). When significant differences occurred between means (p ≤ 0.05), Tukey’s
Honestly Significant Difference (HSD) test was used to separate treatment means.
Sensory Analysis
Data collected from the quantitative descriptive analysis panel (n=9) was analyzed using
RCB design with two replications to determine differences between attributes (SAS version 9.4,
SAS Institute, Cary, NC). When significant differences occurred between means (p ≤ 0.05),
Tukey’s HSD test was used to separate treatment means. Orthogonal contrasts were conducted to
17

determine how differences existed (p ≤ 0.05) between late and early harvested rabbiteye
blueberries, late harvest rabbiteye vs highbush blueberries, early harvest rabbiteye vs highbush
blueberries, and rabbiteye vs highbush blueberries with respect to sensory descriptive analysis.

18

CHAPTER IV
RESULTS AND DISCUSSION
Experiment I
No differences existed (p > 0.05) in the epidermal and sub-epidermal cell layers between
the rabbiteye and highbush blueberries after measurement (Figure 4.2). The average epidermal
thickness of rabbiteye blueberries, regardless of treatment, was 67.1±18.8 μm, while highbush
blueberries averaged 45.5±5.14 μm (Figure 4.1). Within the two processing methods (frozen,
thawed [FT] and osmotically dried [OD]), no difference (p > 0.05) in epidermal thickness were
found. This is to be expected since sub-epidermal cell layers are inherent to berry physiology
(Silva et al, 2005) and not influenced by handling treatment. This indicates high variability
within cultivar. A greater sample size would lead to a lower standard error which may allow for
differences to be elucidated.
No differences (p > 0.05) in skin thickness were found between the OD and FT
treatments. Nevertheless, osmotically dried blueberries of both species seemed to have thinner
skins than frozen, thawed blueberries. Frozen, thawed highbush blueberries had an average
thickness of 50.4±11.9 µm, whereas osmotically dried highbush averaged 42.2±9.73 µm in
thickness. Frozen, thawed rabbiteye had an average thickness of 69.4±9.73 µm, whereas
osmotically dried rabbiteye blueberries had an average thickness of 66.0±6.88 µm (Figure 4.5).
Osmotic dehydration results in lowering the water activity of food products. The process,
however, does not affect all areas of blueberry equally. The cells nearest to the osmotic solution
19

(epidermal and sub-epidermal cells) are most affected by the transfer of water out of the
blueberry which causes these cells to be more susceptible to collapse than the inner cell tissues
(Stojanovic & Silva, 2006). As these cells release water, they also lose turgor pressure and
shrink, a process also noted in apple slices (Lewicki & Porzecka-Pawlak, 2005). Prolonged
osmotic dehydration can also cause phytochemicals such as anthocyanins to leach out of
cranberries (Falade & Igbeka, 2007). This leakage of cellular contents from the epidermal and
sub-epidermal cells and subsequent cellular collapse could result in osmotically dehydrated
berries having thinner skins than frozen, thawed berries.
No other published literature that specifically quantifies the epidermal and sub-epidermal
skin thickness of rabbiteye and highbush blueberries has been published. Previous studies noted
there were differences between the force required to puncture rabbiteye and highbush
blueberries. These studies reported that rabbiteye blueberries required more force to be
punctured and compressed (Sousa et al., 2006; Silva et al., 2005; Makus and Morris, 1994).
Cultivar selection has an effect on skin toughness perception as well as the amount of force
required to compress and puncture blueberries with previous studies finding variation in
compression and puncture force between cultivars within the same species (Silva et al., 2005;
Ehlenfeldt & Martin, 2002).
Visual observation of the micrographs (Figures 4.4, A.3, A.4, A.5, A.6, A.7) taken of
each sample, indicated that both species of blueberries were adversely affected by the processing
techniques employed in the experiment. A control group of fresh blueberries was used for a
general comparison of the effect of the freezing and osmotic dehydration processing methods
(Figure 4.3). The control group, displayed turgid, intact cells with no noticeable damage to the
cell walls of epidermal, sub-epidermal, or parenchymal layers. Cytoplasmic granules were also
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visibly present within the cells of the control group. Frozen, thawed rabbiteye (Figure 4.4C) and
highbush (Figure 4.4D) blueberry samples both exhibited similar amounts of collapsed and
ruptured parenchymal cells, though the more highly lignified (and thus, more structurally stable)
epidermal and sub-epidermal layers appeared to be largely unaffected by the freezing treatment.
Dehydration of the samples caused the complete rupture and collapse of most epidermal, subepidermal, and parenchymal cells in both rabbiteye (Figure 4.4A) and highbush (Figure 4.4B)
blueberries.
Experiment II
Scanning Electron Microscopy
Blueberries from the “Orchard X” blueberries had thicker skins (p ≤ 0.05) than those
collected from “Orchard Y” (Table 4.2). One possible explanation is the difference in cultivars
between the two orchards. “Orchard X” raises rabbiteye blueberries from the ‘Brightwell’,
‘Climax’, ‘Montgomery’, ‘Onslow’, ‘Powder Blue’, ‘Premier’, ‘Tifblue’, and ‘Yadkin’ cultivars
whereas Orchard Y had older cultivars (‘Tifblue’, ‘Climax’). The ‘Premier’ cultivar has a
notably firm texture compared to other highbush blueberry cultivars (Sousa et al., 2006).
Compression tests conducted by Silva et al. (2005) indicated that a higher amount of force was
required to compress berries until juice was released from the ‘Climax’ and ‘Tifblue’ cultivars
than the ‘Premier’ and highbush cultivars, ‘Bluecrop’ and ‘Jersey’. Rabbiteye blueberries are
noted as being firmer and having tougher skin, but differences have also been found within
species depending on cultivar (Sousa et al., 2006; Silva et al., 2005; Allan-Wojtas et al., 2001).
Previous physicochemical assessments indicated that the firmness of rabbiteye blueberries is due
to higher concentrations of lignin, a complex, organic biopolymer found in the support tissues of
vascular plants (Itle & NeSmith, 2016; Silva et al., 2005). Marshall et al. (2008) reported a
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relationship between fruit firmness and splitting tendency in rabbiteye cultivars also detected
greater firmness in the ‘Tifblue’ cultivar when compared to ‘Premier’. This quality trait could
also benefit blueberry farmers as the harvest of blueberries increasingly moves toward
mechanization. Ehlenfeldt and Martin (2002) also observed that with “other factors being equal,
it seems likely that firm-fruited, nonsoftening cultivars will store longer than the softer cultivars,
and that any improvements in firmness will be beneficial to the industry.”
There were differences (p ≤ 0.05) in the epidermal and sub-epidermal cell layers between
the blueberry groups with regards to freezing method. Between berry groups 1-4 and 7-10, the
pre-boxed, blast frozen (PBF) berries resulted in thinner (p ≤ 0.05) epidermal skin layers than the
IQF berries (Table 4.2). Allan-Wojtas et al. (1999) found that the individually quick-frozen
(IQF) method resulted in the least amount of anthocyanin leakage which is an indicator of
extensive cell damage in fruit/blueberries. Because of the fixation process for SEM, leakage
could not be observed, but evidence of the cellular damage, probably caused by large ice crystal
formation, was present in micrographs of both washed, PBF rabbiteye (Figure 4.5A) and
unwashed, PBF blueberries (Figure 4.5B).
There are some perceptions that washing blueberries prior to freezing may have an
impact on skin toughness (Steed, 2022; Johnson & Burney, 2022). The exact mechanism of this
process is unclear, but it is thought to occur more frequently with fruit washed in poor quality or
hard water (private communication with farmers). Washing prior to freezing did not affect (p >
0.05) the thickness, number, or size of epidermal and sub-epidermal cell layers of the berries
(Table 4.4). Pre-freezing rinse treatments do not seem to have any negative effect on the
rabbiteye blueberries with regard to increased skin damage during freezing. No other studies
noting the effect of a non-thermal, pre-freezing wash treatment on the microstructure of fruits or
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vegetables could be found. Previous research studying the efficacy of various sanitization
treatments on reducing microbial load of fruits and vegetables noted adverse effects on texture
due to thermal processing and negative sensory attributes due to high-level exposure to chlorine
and other chemical sanitizers (Sapers, 2003; Czapski,& Szudyga, 2000; Beuchat et al., 1998).
Visual observation of the micrographs (Figures 4.5, A.8, A.9, A.10, A.11, A.12, A.13,
A.14, A.15, A.16) taken of each sample in Experiment 2 showed that the rabbiteye blueberries
were affected similarly regardless of freezing and pre-freezing wash treatment. Similar to results
from frozen, thawed rabbiteye and highbush blueberries in Experiment 1, the epidermal and subepidermal cell layers of the rabbiteye blueberries in Experiment 2 appeared to be largely
unaffected by both PBF and IQF freezing treatments. Parenchymal cells, generally beginning
with the third layer of cells, in all samples of Experiment 2 appeared misshapen and damaged.
Pre-freezing wash treatment did not appear to have any impact on the level of cellular collapse
throughout the samples.
Sensory Evaluation
Orthogonal contrasts indicated no differences (p > 0.05) were found between sample
groups with regard to color and flavor traits (sweetness, tartness, or blueberry flavor (Table 4.4).
Though color scores seemed different between sample types, no significant differences were
found. Color (skin) was determined by the degree of dark purple hue (light to dark) present in the
sample with unripe blueberries, green and red in color, used as the light reference and mature
blueberries, blue and deep purple in color, used as the dark reference. One factor that was not
accounted for in this measurement method is natural bloom present on the surface of blueberries
which can give the appearance of a lighter color in otherwise mature fruit. The lack of industry
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standard selection and grading for the early harvest rabbiteye and late harvest rabbiteye
blueberry groups could also have contributed to the variability in the samples.
Orthogonal contrasts indicated that late harvest rabbiteye blueberries were more (p ≤
0.05) shriveled than early harvest rabbiteye blueberries. No other differences existed. Largerfruited, late harvest rabbiteye cultivars, such as ‘Maru’, are observed to experience higher
incidence of shriveling; however, blueberries in this study were sorted only by species, not by
cultivar or size, before treatment (Schotsmans, Molan, and MacKay, 2007). The optimum
relative humidity and holding temperature for freshly harvested blueberries is 90-95% and 3±1
°C, respectively (Mitcham et al., 1998). It is possible that closer adherence to these guidelines
post-harvest could have yielded less intense shriveling ratings as a loss of moisture of just 5–8%
during postharvest storage has been found to lead to notable shriveling in rabbiteye blueberries,
depending on cultivar (Paniagua et al., 2013).
Late harvest rabbiteye blueberries had greater skin toughness (p ≤ 0.05) than early
harvest rabbiteye blueberries and highbush blueberries. In addition, the commercial highbush
samples were not different (p > 0.05) from early harvest rabbiteye blueberries. Late harvest
rabbiteye blueberries were obtained from “Orchard X”, which raises the rabbiteye cultivars
‘Tifblue’, ‘Climax’, and ‘Premier’. These cultivars are known to have firmer texture than some
highbush cultivars (Silva et al., 2005; Marshall, 2001). Significant variability in skin toughness
intensity has been noted within both species with cultivar selection also possibly having an
impact on this attribute (Saftner et al., 2008). Another factor in perceived skin toughness in
rabbiteye blueberries could be the differentiation of parenchyma cells to sclereids, which are
especially concentrated at the periphery of the fruit and near the seeds (Marroquin, 1994;
Dekazos, 1977). As noted by Ishikawa et al. (2015), development of sclerenchyma is important
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for maintaining supercooling capability of tissue units in dwarf bamboo to prevent freezing from
spreading to other tissue units which could explain why faster freezing rates display lower
incidence of sclereids (Dekazos, 1977). Early harvest rabbiteye blueberries had greater skin
intactness (p ≤ 0.05) than the late harvest rabbiteye blueberries. No other differences existed
among contrasts. As with shriveling, some late harvest varieties such as ‘Tifblue’ and ‘Yadkin’
show higher incidence of splitting (Marshall, 2008) though no differences were noted between
highbush blueberries and rabbiteye blueberries overall.
Highbush blueberries were less gritty (p ≤ 0.05) than rabbiteye blueberries, but there
were no differences between early and late harvest rabbiteye blueberries. Grittiness in
blueberries is the result of higher seed content and lignified, “stone” cells (Pegg, 2014;
Marroquin-Rosada, 1994) and has been reported to be higher in rabbiteye than highbush cultivars
(Lyrene, 1994; Makus & Morris, 1993). Late harvest rabbiteye blueberries were chewier (p ≤
0.05) than highbush and early harvest rabbiteye blueberries. Early harvest rabbiteye blueberries
were also chewier than highbush blueberries. Chewiness is directly related to overall firmness of
berries, and both groups 2 and 4 were, as stated above, obtained from the “Orchard X” which
utilizes cultivars that have been shown to have firmer texture than other cultivars (Silva et al.,
2005; Marshall, 2001). Saftner et al. (2008) noted a weak correlation between compression
firmness and chewiness, though the correlation was attributed to “the abundance and/or size of
stone cells and seeds which are likely to affect consumer textural scores more than instrumental
compression values.” Donahue and Work (1998), however, concluded that consumer preference
was for larger berries “that mechanically exhibit lower stress and strain values, i.e., are easier to
chew.”
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Highbush blueberries were juicier (p ≤ 0.05) than early harvest rabbiteye blueberries.
This contradicts previous studies which found no differences in juiciness between rabbiteye and
highbush blueberries (Pegg, 2014; Saftner, 2008). The lack of difference between highbush and
late harvested rabbiteye blueberries was due to variability in the data. Highbush blueberries in
this study were obtained from commercial sources and were subjected to industry standards for
sorting and selection after harvest to ensure the highest quality, so it is plausible that the presence
of immature/unripe fruit in rabbiteye samples contributed to this difference.
Principal Component Analysis (PCA)
The first principal component (x-axis) accounted for 53% of treatment variation, and the
second principal component (y-axis) accounted for 28% of treatment variation (Figure 4.6).
Berry groups 1 and 2 (Orchard X, IQF, WA and UW) were associated with high intensities of
skin toughness and chewiness. Rabbiteye cultivars grown by the “Orchard X” included ‘Tifblue’,
‘Climax’, and ‘Premier’ which are known to have higher firmness ratings than others (Silva et
al., 2005; Marshall, 2001). Group 4 (Orchard X, PBF, WA) was associated with shriveling.
Some rabbiteye cultivars such as ‘Maru’ experience higher incidence of shriveling possibly due
to their larger size (Schotsmans et al., 2007). Groups 5 and 6 were associated with juiciness,
sweetness, and overall blueberry flavor. These trends support previous research that found
juiciness correlated positively with blueberry flavor and negatively with skin toughness (Blaker
et al., 2014).
Groups 7, 8, and 10 were associated with skin intactness. Though not as highly rated for
skin toughness, these rabbiteye samples obtained from “Orchard Y” remained intact after
undergoing both IQF (groups 7 and 8) and PBF (group 10) methods. Group 9 was associated
with high intensity of tartness, grittiness, and color. This was also a rabbiteye sample obtained
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from “Orchard Y”. Due the late harvest of samples and lack of screening process, it is possible
that this group contained younger, less ripe fruit despite its high color intensity. Group 3, a
rabbiteye group obtained from the “Orchard X”, was nearly statistically average for all
descriptors. Groupings were further consolidated into four types (Table 4.1), highbush-HB (5-6),
rabbiteye-RE (1-4, 7-10), early harvest-EH rabbiteye cultivars (7-10) and late harvest-LH
rabbiteye cultivars (1-4). RB were rated lower (p ≤ 0.05) in juiciness and higher (p ≤ 0.05) in
grittiness than HB berries (Fig. 4.3). LH berries were rated lower (p ≤ 0.05) in shriveling than
EH berries, while the opposite (p ≤ 0.05) was found for skin intactness.
Earlier ripening rabbiteye cultivars are being planted, which means a more profitable
early season market (Trinka, 1997). Since the rabbiteye is grown in the Southeast, this provides
Southeastern blueberry farmers a stable demand market. The three most popular planted
rabbiteye cultivars in the southeast are ‘Tifblue’, ‘Climax’, and ‘Brightwell’ (Moore, 1994). An
interesting study to note by Gündüz et al. (2015) observed that selection for larger blueberries,
especially in northern highbush cultivars, has had a significant impact on their taste. They noted
significant negative correlations between fruit weight and soluble solids, total phenolic content,
and total monomeric anthocyanin content. As northern highbush farmers have attempted to
increase the size of their blueberries, they have inadvertently decreased sweetness and increased
tartness of their crop (Gündüz et al., 2015). More replications and training may have led to
differences in sweetness and flavor. Since there were minimal differences in sweetness, or
blueberry flavor, the continued production, improvement, and expansion of rabbiteye cultivars
could be utilized to meet the increasing demands of the blueberry consumer market.
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Tables
Table 4.1
Group

Treatments of blueberry samples described in Experiment 2.
Species

Harvest
Location

Harvest
Time/Species

Freezing
Method*

Prefreezing
Status**
UW
WA
UW
WA
UW
UW
UW
WA
UW
WA

1
Rabbiteye
Orchard X
Late/RB
IQF
2
Rabbiteye
Orchard X
Late/RB
IQF
3
Rabbiteye
Orchard X
Late/RB
PBF
4
Rabbiteye
Orchard X
Late/RB
PBF
5
Highbush
Commercial
Commercial/HB
IQF
6
Highbush
Commercial
Commercial/HB
IQF
7
Rabbiteye
Orchard Y
Early/RB
IQF
8
Rabbiteye
Orchard Y
Early/RB
IQF
9
Rabbiteye
Orchard Y
Early/RB
PBF
10
Rabbiteye
Orchard Y
Early/RB
PBF
Individually quick frozen = IQF; Pre-boxed, blast frozen = PBF.
“UW” denotes that sample was not rinsed immediately prior to bagging and freezing;
“WA” denotes that the sample was water-rinsed immediately prior to bagging and freezing.

Table 4.2

Mean (epidermal thickness by harvest location, freeze method and pre-wash
treatment using Tukey’s HSD at 95% level of confidence.
Variable

Treatment

CV**

Orchard X
Orchard Y

Mean Thickness ± SD
(𝛍m)*
77.70±2.28a
71.23±1.81b

Location
Location
Freezing method
Freezing method

IQF
PBF

78.17±1.98 a
70.76±2.13b

2.53
3.01

2.93
2.54

Pre-freezing wash treatment
Unwashed
75.49±2.04a
2.70
a
Pre-freezing wash treatment
Washed
73.44±2.04
2.78
*Means within a column followed by the same letter are not significantly different using Tukey’s
HSD test (α = 0.05).
**Coefficient of variation
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Table 4.3

Group*

Qualitative descriptive analysis panel scoring of attributes on a 10-point scale** for blueberry samples after
categorization into ten groups according to treatment.

Color

Shriveling

1
8.0a
4.6ab
2
7.6ab
3.9ab
ab
3
7.5
4.8ab
4
7.3ab
6.3a
b
5
5.5
3.6b
b
6
5.5
3.6b
7
6.5ab
2.1b
ab
8
7.0
3.4ab
9
7.6ab
4.8ab
ab
10
7.1
2.3b
*Group ID (see Table 4.1)

Skin
Intactness
7.5a
7.7a
7.9a
6.9a
7.9a
7.9a
9.2a
8.5a
7.4a
9.0a

Skin
Toughness
5.8a
6.0a
3.1ab
4.1ab
1.9b
1.9b
2.3b
3.1ab
4.3ab
2.3b

Chewiness

Juiciness

Grittiness

Sweetness

Tartness

5.6ab
6.6a
4.9abc
6.6a
2.9c
2.9c
3.2bc
4.1abc
5.9ab
3.9abc

5.4b
5.6ab
5.6ab
5.7ab
7.6a
7.6a
5.1b
5.1b
5.0b
5.4b

4.9a
4.1a
4.3a
4.2a
2.2a
2.2a
4.6a
4.6a
4.2a
4.0a

4.2a
3.9a
4.1a
3.4a
5.0a
5.0a
4.0a
3.5a
3.1a
3.3a

5.3ab
4.6ab
4.7ab
5.9ab
3.4b
3.4b
4.1ab
5.3ab
6.2a
5.5ab

Blueberry
Flavor
5.4a
5.4a
5.1a
5.4a
5.8a
5.8a
5.6a
4.3a
4.4a
4.7a

**A score of 0 was given for attributes that were not observed in the sample and a score of 10 was given for attributes when perceived
as being most extreme. Means within a column followed by the same letter are not significantly different using Tukey’s HSD test (α =
0.05)
Table 4.4

Type
LHRE
HB
EHRE

Orthogonal contrasts for sensory ratings between late harvest rabbiteye (LHRE), early harvest rabbiteye (EHRE), and
highbush blueberry (HB) types
Color Shriveling
7.6a
5.5a
7.0a

4.9b
3.6ab
3.2a

Skin
Skin
Intactness Toughness
7.5b
4.8a
7.9ab
1.9bc
8.5a
3.0b

Chewiness

Juiciness

Grittiness

Sweetness

Tartness

5.9a
2.9c
4.3b

5.6a
7.6b
5.2ab

4.4a
2.2b
4.4ab

3.9a
5.0a
3.5a

5.1a
3.4a
5.3a
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Blueberry
Flavor
5.3a
5.8a
4.8a

Figures

Figure 4.1

Mean epidermal thickness of highbush and rabbiteye blueberries measured by
scanning electron microscopy (SEM) (Experiment 1).
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Figure 4.2

Mean epidermal thickness of frozen, thawed (FT) and osmotically dried (OD)
highbush and rabbiteye blueberries measured by scanning electron microscopy
(SEM).
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Figure 4.3

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of the control group of blueberries
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Figure 4.4

Scanning electron micrographs of cross section of rabbiteye and highbush
blueberries for observation of microstructural properties from Experiment 1.

Scanning electron micrographs (1000X): A) Rabbiteye blueberry, osmotically-dehydrated (REOD); B) Highbush blueberry, osmotically-dehydrated (HB-OD); C) Rabbiteye blueberry, frozen,
thawed (RE-FT); D) Highbush blueberry, frozen, thawed (HB-FT).
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Figure 4.5

Scanning electron micrographs of cross section of rabbiteye blueberries for
observation of microstructural properties from Experiment 2.

Scanning electron micrographs: A) Washed, pre-boxed, blast frozen (WA, PBF); B) Unwashed,
pre-boxed, blast frozen (UW, PBF); C) Washed, individually quick frozen (WA, IQF); D)
Unwashed, individually quick frozen (UW, IQF).
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Figure 4.6

Principal components analysis biplot of sensory qualitative descriptive analysis of
frozen, thawed highbush and rabbiteye blueberries.

Group 1 – Rabbiteye, Orchard X, IQF, unwashed pre-freezing
Group 2 – Rabbiteye, Orchard X, IQF, washed pre-freezing
Group 3 – Rabbiteye, Orchard X, PBF, unwashed pre-freezing
Group 4 – Rabbiteye, Orchard X, PBF, unwashed pre-freezing
Group 5 – Highbush, Commercial, IQF, washed pre-freezing
Group 6 – Highbush, Commercial, IQF, washed pre-freezing
Group 7 – Rabbiteye, Orchard Y, IQF, unwashed pre-freezing
Group 8 – Rabbiteye, Orchard Y, IQF, washed pre-freezing
Group 9 – Rabbiteye, Orchard Y, PBF, unwashed pre-freezing
Group 10 – Rabbiteye, Orchard Y, PBF, washed pre-freezing
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CHAPTER V
SUMMARY AND CONCLUSIONS
This study confirms with previous studies with concluding that both frozen, thawed and
osmotically dehydrated rabbiteye blueberries exhibit thicker epidermal and sub-epidermal cell
layers than highbush blueberries. As such, rabbiteye blueberries are likely more suitable for
processed berry markets as they can withstand greater stresses without rupturing. This quality
could also benefit blueberry farmers as harvest of “fresh” blueberries increasingly moves toward
mechanization. More studies to determine skin thickness and structure of fresh rabbiteye and
highbush blueberries may be useful in understanding the nature of physiological changes that
take place during the freezing process and throughout frozen storage. Further research is needed
to study microstructural differences, including quantifying average skin thickness, between
highbush and rabbiteye blueberry cultivars. In this study, differences in skin thickness between
rabbiteye and highbush epidermal and sub-epidermal thicknesses could likely have been resolved
by having a larger sample size.
Freezing method was shown to have a significant impact on the thickness of rabbiteye
blueberry skins. Samples that were frozen by pre-boxed, blast frozen (PBF) method had less
thick skins than their individually quick-frozen (IQF) counterparts. This is likely due to the
cellular damage caused by the slow freezing method used in PBF. The slower cooling rate of the
PBF method causes large ice crystals to form from the water contained in the blueberry cells.
When the blueberries are thawed, the ice crystals melt causing the cellular contents of epidermal
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and sub-epidermal cells to leak out, thus leaving the skin somewhat less structurally sound. IQF
allows for smaller ice crystals to form within the blueberry cells, so when the blueberries thaw,
the cells are less damaged and more intact. One would then expect that there would be
differences in the appearance of epidermal and sub-epidermal cell layers when comparing PBF
blueberries to IQF blueberries. However, SEM micrographs did not reveal noticeable differences
in microstructural properties when comparing PBF and IQF methods. Both freezing methods
displayed similarly intact epidermal and sub-epidermal cell layers between samples, with
parenchymal cell layers experiencing notable structural damage and cellular collapse across all
treatments.
There was a difference between samples gathered from “Orchard Y” and the “Orchard
X” farm with berries from “Orchard Y” displaying thinner skins than those from the “Orchard
X”. This could possibly be due to size and cultivar differences between the berries. Prior to
grouping, samples were not separated based on berry size, cultivar, or maturity. Previous studies
have noted a great degree of variability in fruit firmness between cultivars within the same
species with many rabbiteye cultivars comparing favorably to highbush cultivars (Saftner et. al,
2008; Silva et. al, 2005; Ehlenfeldt and Martin, 2002).
Future studies utilizing scanning electron microscopy to observe differences within
blueberry species and cultivars could also benefit from optimized methodology. Allan-Wojtas et
al. (1999) outlined a procedure for cold-stage scanning electron microscopy (cryo-SEM) that
more accurately preserves the overall berry structure and cellular integrity. Light microscopy
(LM) was also used in conjunction with staining to differentiate cell layers and types. With this
technique, structures that contain lignin, a complex, organic biopolymer found in the support
tissues of vascular plants, are differentiated from those that do not. Higher concentrations of
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lignin has been linked to an objectionable, woody texture in fruits and is found in the secondary
cell wall of some plant cells, especially so in sclereids (stone cells) (Silva et al., 2005; Dekazos,
1977).
Sensory data indicated that were no differences between rabbiteye and highbush
blueberries in skin intactness, grittiness, sweetness, or blueberry flavor. Of particular importance
is the lack of difference in grittiness. This result contradicts the findings of Makus and Morris
(1993) that found rabbiteye blueberries to be of inferior quality due to a gritty, woody texture.
Some rabbiteye blueberry groups tested were found to have higher skin toughness (1 and 2) and
chewiness (2 and 4). This was possibly the result of the cultivars utilized as all groups were
obtained from “Orchard X” as SEM analysis previously observed that the skin of IQF berries
was quantifiably thicker than PBF berries. As noted previously, “Orchard X” raises cultivars that
have been shown to have firmer texture which could have contributed to this observation. There
was a difference in perceived juiciness as well with the highbush groups (5 and 6) being juicier
than early harvested rabbiteye. The highbush blueberries were commercially obtained and were
likely subjected to industry standard sorting and selection after harvesting to ensure the highest
quality. Rabbiteye berries were not subjected to screening. Overall, the rabbiteye samples tested
during the QDA panel compared favorably with commercial highbush blueberries in overall
quality. Therefore, rabbiteye blueberries show a promising upward trend in consumer demand.
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APPENDIX A
SUPPLEMENTAL QUANTITATIVE DESCRIPTIVE ANALYSIS PANEL SCORE SHEET
AND ADDITIONAL SCANNING ELECTRON MICROGRAPHS USED FOR
MEASUREMENT OF EPIDERMAL AND SUB-EPIDERMAL
THICKNESS IN RABBITEYE AND HIGHBUSH
BLUEBERRIES
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Figure A.1

Score sheet for quantitative descriptive analysis (QDA) panel to rate sensory
attributes of blueberries.
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Figure A.1 (continued)
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Figure A.2

Notice of IRB approval for study 16-010.
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Figure A.2 (continued)
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Figure A.3

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of commercially produced highbush blueberry,
frozen, thawed.
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Figure A.4

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of commercially produced highbush blueberry,
frozen, thawed.
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Figure A.5

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of commercially produced highbush blueberry,
frozen, thawed.
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Figure A.6

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of commercially produced rabbiteye blueberry,
osmotically dried.
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Figure A.7

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of commercially produced rabbiteye blueberry,
osmotically dried.
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Figure A.8

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
pre-boxed, blast frozen (PBF); washed (WA)
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Figure A.9

Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
pre-boxed, blast frozen (PBF); washed (WA)
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Figure A.10 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
pre-boxed, blast frozen (PBF); unwashed (UW)
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Figure A.11 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
pre-boxed, blast frozen (PBF); unwashed (UW)
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Figure A.12 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
individually quick-frozen (IQF); unwashed (UW)
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Figure A.13 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from Orchard Y (RO);
individually quick-frozen (IQF); unwashed (UW)
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Figure A.14 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
individually quick-frozen (IQF); washed (WA)
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Figure A.15 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from Orchard Y (RO);
individually quick-frozen (IQF); washed (WA)
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Figure A.16 Scanning electron micrograph displaying cross section through epidermal cell
layer and sub-epidermal cell layer of rabbiteye blueberry from the Orchard X (BP);
individually quick-frozen (IQF); washed (WA)
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